The starting point of this study is the observation that succinate, the wellknown Krebs cycle intermediate, strongly inhibits the incorporation of amino acids into protein of tissue slices. The results presented in this paper show that this somewhat peculiar succinate effect, which is present in regenerating liver and in a well-differentiated hepatoma and absent in two anaplastic hepatomas, is well-marked in all stages of hepatic carcinogenesis by N,N'-dimethyl-4aminoazobenzene. A working hypothesis is that the inhibition by succinate of the amino acid incorporation into protein is mediated by a shift of the redox level in the cell toward a more reduced condition.
INTRODUCTION
Some years ago we found that succinate added to respiring tissue slices induces, in addition to the well-known stimulation of the oxygen uptake, a strong inhibition of the incorporation of labeled amino acids into protein (4). These effects of succinate have been observed in all rat tissues tested (liver, heart, and kidney) and with different radioactive amino acids used as markers. Both the stimulation of respiration and the inhibition of incorporation appear concentration-dependent for succinate concentrations up to 10 mM. The inhibition of incorporation is approximately 80% with 10 mM succinate, but it is appreciable (20%) even with a concentration of succinate (1 mM) which is close to that normally present in some tissues.
In view of the possibility that the inhibition of amino acid incorporation into protein induced by a physiologic metabolite such as succinate is a part of a normal regulatory Presented at the Second International Symposium sponsored by the Universities of Sassari and Cagliari, Session 11: "Characterization of hietabolic and Biological Patterns," October 12-15, 1983. Alghero. Italy. This Symposium section completes the series of papers published in Volume 12. 1984. mechanism of protein synthesis, the effects of succinate were subsequently studied in actively proliferating, neoplastic or non-neoplastic liver cells (3). The inhibition of incorporation by succinate was also found to occur, although to a lesser extent than in adult liver, in actively proliferating non-neoplastic cells (regenerating liver following hepatectomy, late fetal and neonatal livers) and in the slow-growing, well-differentiated Morris hepatoma 44, while it was lacking in both the early fetal liver (3 days before birth) and in two fast-growing anaplastic hepatomas.
The results reported in this paper deal with the effects of succinate on the oxygen uptake and on the incorporation of labeled leucine into protein of liver slices of rats fed the carcinogenic azodye N,N'-dimethyl-4-aminoazobenzene.
MATERIALS AND METHODS
Male Sprague-Dawley rats, weighing 100-120 g at the beginning of the treatment, were used. A group of rats were fed a riboflavinfree diet (RF-diet) containing 0.06% of the carcinogenic azo dye N,N'-dimethyl-4-aminoazobenzene (DAB) for 6-9 months. A sec-401 Vol. 12, NO. 4,1904 PROTEIN SYNTHESIS IN CARCINOGENESIS ond group of rats were given the same RFdiet without the carcinogen. The RF-diet had the following composition: casein, 18%; sucrose and rice starch, 68%; hydrogenated cottonseed oil, 8%; corn oil, 2%; salt and vitamins (except riboflavin), 4%. RF-diets with or without DAB were supplied by Ditta Piccioni, Brescia, Italy. All the animals had free access to food and water up to 16 hr before the experiment, They were killed by decapitation and the liver was quickly excised. SIices of neoplastic nodules (DAB-hepatoma) and of other areas of the same liver, referred to as preneoplastic liver (PN-liver), were used. Liver slices from animals maintained on RF-diet without carcinogen (RF-liver) served as controls. All the materials used were examined histologically.
Incorporation experiments were carried out in a Warburg manometric apparatus so that the oxygen uptake could be measured simultaneously. The incubation temperature was 38°C and the gas phase was air. Each flask contained 30-50 mg (wet weight) of liver slices suspended in 3 ml of Krebs-Ringerphosphate solution, pH 7.4 (13), containing 3 pmol (1.25 pCi) of ['"C]leucine and, when indicated, 10 mM succinate. At the end of incubation, proteins were purified according to Rabinovitz et a1 (11) and counted in a liquid scintillation spectrometer (Packard Tri-Carb L-[U-'"C]Leucine (specific activity, 320 4 60 -C D). mCi/mmol] was obtained from the Radiochemical Centre, Amersham, United Kingdom. Table I shows the effects of 10 mM succinate on the oxygen uptake and on the incorporation of ['"C]-leucine into protein of normal liver, RF-liver, PN-liver, and DAB-hepatoma. It is evident that the strong stimulation of the oxygen uptake induced by succinate in normal Iiver is reduced in both RF-and PN-liver, and is very low, if present at all, in DAB-hepatoma. The difference between RFand PN-liver is statistically not significant. As might be expected, the incorporation of [ I T ] leucine into protein, which is practically the same in normal and in RF-liver, is much higher in PN-liver and still higher in DABhepatoma. In all of the materials tested, succinate inhibits the amino acid incorporation into protein: the percentage of inhibition is very similar in normal and RF-liver, but is significantly lower in both PN-liver and DABhepatoma.
RESULTS
These results are reported graphically in Figure 1 , where they are compared with previous findings concerning some transplantable hcpatomas with different growth rates and degrees of differentiation (3). The response to succinate of PN-liver is similar to that of the well-differentiated Morris hepatoma 44 both with regard to respiration and incorporation. DAB-hepatoma, on the other hand, responds to succinate with a marked inhibition of incorporation, as does the Morris hepatoma 44, and with a small increase of oxygen uptake, as do the two anaplastic hepatomas considered (the fast-growing Morris hepatoma 3924A and the very fast-growing Yoshida ascites hepatoma 130).
.
DlscuSsloN
The finding that the stimulation of respiration induced by succinate is lower in RFand PN-liver than in liver from animals fed a complete diet is in keeping with the fact that the activity of the flavoprotein succinate dehydrogenase is reduced in liver in riboflavin deficiency (2, 7) . This deficiency, however, cannot account entirely for the very low, or absent, increase of the oxygen uptake exhibited by DAB-hepatoma in response to succinate. Indeed, other fast-growing hepatomas apparently not related to riboflavin deficiency have a similar behavior (cf. Fig.   1 ).
The results reported in this paper show that succinate also inhibits the amino acid incorporation into protein of DAB-hepatoma, but the mechanism of this inhibition is still to be clarified. Previous work with liver slices (3) has shown that the inhibition by succinate of amino acid incorporation is not due to an interference of this metabolite with the transport of amino acid across the cell membrane and that, whereas such inhibition requires succinate oxidation, it is not related to the products of this oxidation. Specific inhibitors of succinate dehydrogenase, such as malonate and oxalacetate, prevent the inhibitory effects of succinate, but neither fumarate nor malate significantly affect the incorporation of labeled amino acids into protein..
In line with our working hypothesis, the possibility was explored that the inhibition by succinate of amino acid incorporation into protein is mediated by a shift of the NAD+/ NADH ratio in favor of NADH. As a matter of fact there is some evidence that a change of the redox state of the NAD couple in the cell may interfere with several cell activities, including protein synthesis (1, 5, 6, 8-10, 12,  14) . Direct measurements of the content of NAD+ and NADH in liver slices incubated in the presence or absence of succinate gave inconclusive results. It should be noted, how-Vol. 12, No. 4,1984 PROTEIN SYNTHESIS IN CARCINOGENESIS 403 ever, that this kind of measurement gives no information on a crucial point, that is, the distribution of such nucleotides between the various cell compartments. The problem cannot be solved by the usual techniques of cell fractionation, as the redox state of the nucleotides is liable to undergo rapid changes during the process of fractionation. Experiments are in progress to determine the redox state of cells oxidizing succinate by indirect methods (14) .
